Arsenic is known as a highly toxic element, and its precise analysis is required to monitor water quality in the environment. Concentration prior to an instrumental analysis is useful to determine extremely low levels of analyte. Among the concentration procedures of trace elements, the adsorption process provides several advantages over other methods due to high concentration efficiency and ease in phase separation. Since iron oxides are known to adsorb arsenic species effectively, 1-4 this material can be one of the candidates for the preconcentration of arsenic(V). However handling the fine powders or gels often involves some operational difficulty.
Arsenic is known as a highly toxic element, and its precise analysis is required to monitor water quality in the environment. Concentration prior to an instrumental analysis is useful to determine extremely low levels of analyte. Among the concentration procedures of trace elements, the adsorption process provides several advantages over other methods due to high concentration efficiency and ease in phase separation. Since iron oxides are known to adsorb arsenic species effectively, [1] [2] [3] [4] this material can be one of the candidates for the preconcentration of arsenic(V). However handling the fine powders or gels often involves some operational difficulty.
In the previous report, 5 an organic solution containing dispersed ultrafine magnetite (Fe3O4) particles was proved to efficiently extract arsenic(V) from aqueous solutions. In the present research, we attempted to develop novel composite adsorbents that consist of magnetite and porous resin beads in order to realize an efficient column separation system for arsenic(V). The distribution coefficient was measured as a function of pH, and the interference of coexisting elements was also examined.
Experimental

Apparatus
The concentration of metal elements was measured by an ICP atomic emission spectrophotometer (SEIKO SPS-1500R). Synthesized composite resin was analyzed with an X-ray diffraction spectrometer, MacScience MXP 18VA.
Reagents
A solution of arsenic(V) was prepared by the procedures described in the previous paper. 5 The pH values were controlled by a buffer solution of 2-morpholinoethanesulfonic acid (MES), 3-morpholinopropanesulfonic acid (MOPS), Ntris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS), N-cyclohexyl-2-aminopropanesulfonic acid (CHES) and N-cyclhexyl-3-aminopropanesulfonic acid (CAPS). Iron(II) chloride (FeCl2·4H2O) and iron(III) chloride (FeCl3·6H2O) were used as the starting materials of magnetite preparation. Inorganic acids and buffers were of analytical grade and the other chemicals were of guaranteed grade.
Magnetite composite resin
Porous spherical resin beads composed of a moderately polar acrylate copolymer (Mitsubishi Chemical Co., Diaion HP2MG, 25 -45 mesh, specific surface area 490 m 2 /g, pore volume 1.32 cm 3 /g) were used as the polymer support. The resin was washed by acetone, nitric acid and water, and then dried in a vacuum oven.
To a mixed solution of 2 M (M = mol dm ) and 1 M Fe(III) (24 cm 3 ), 25 g of resin beads were added and this mixture was stirred for 30 min. Aqueous ammonia solution (2 M, 50 cm 3 ) was added dropwise, and this combination was stirred until the color of the deposit became blackish brown. After being washed with water and dried in a vacuum oven, the beads were separated from the precipitate with a sieve of 125 µm mesh. The iron content of the derived resin (53 mg Fe3O4/g-resin) was measured by ICP-AES after being eluted out by 6 M HCl. The specific surface area and pore volume were 460 m 2 /g and 1.20 cm 3 /g, respectively; such values are slightly smaller than those of HP2MG resin beads.
The resin beads were characterized by X-ray diffraction after being ground by a mortar. The spectrum showed a typical peak pattern that has been attributed to magnetite.
Distribution coefficient (Kd)
The Kd values of arsenic(V) and other elements were measured by a batchwise adsorption method. An aqueous solution containing 10 -4 M of the element and resin beads was shaken at room temperature. After filtration, the concentration of analyte ions in the aqueous phase was determined by ICP-AES and the pH was measured with a glass electrode. The adsorption of arsenic(V) was investigated using macroporous resin beads containing magnetite crystals. Arsenic(V) was favorably adsorbed at pH 2 -9, where the distribution coefficients were larger than 10 3 . The maximum capacity was 0.050 mmol/g. Metal cations including Ca(II), Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and La(III) did not give serious interference at 10 -4 M level. Diluted arsenic(V) was collected with a packed column, and the retained arsenic(V) was quantitatively eluted out with 1 M NaOH. 
Column adsorption
Column tests were performed by using 3.5 g resin beads packed into a glass tube (inner diameter 13 mm) and a peristaltic pump to keep a constant flow rate (15 cm 3 /h). The effluent was fractionated into 14 cm 3 portions, and the concentration of arsenic in each fraction was determined by ICP-AES.
Results and Discussion
The handling of the adsorbent was considerably improved by loading Fe3O4 onto spherical polymer beads. The beads can be used not only as an batchwise adsorbent but also as a stationary phase of column separation.
The time course of the arsenic concentration change was examined by using 0.1 g of resin and 10 cm 3 of an aqueous solution at pH 6.2. The arsenic concentration reached to a constant value within 30 min, and that value was kept for 6 h during shaking. Therefore, the shaking time was fixed at 1 h throughout the following experiments.
The relationship between log Kd and the pH value of an aqueous phase is shown in Fig. 1 .
Arsenic(V) was quantitatively adsorbed over a wide pH range; log Kd > 3 at pH 2 -9. In aqueous phase, arsenic(V) exists as an oxo-acid, i.e., HnAsO4 -(3-n) (n = 0 -3), and the acid dissociation constants of arsenic acid are 2.24 (pKa,1), 6.94 (pKa,2) and 11.50 (pKa,3). 6 The Kd value was almost constant at pH 3 -7, where arsenate existed as H2AsO4 -. Thus monoanionic arsenate is the predominant species adsorbed on magnetite. The Kd value decreases along with an increase of the pH over 7, where the dissociation of the second proton begins to take place.
The influence of coexisting metal ions was examined by measuring the adsorption of arsenic(V) in the presence of foreign ions. The interference from diverse metal cations (10 -4 M) is summarized in Table 1 . Distribution coefficients of most of the metal cations examined were much smaller than that of arsenic(V), indicating that the resin has better selectivity to oxoanions of arsenic(V) than those metal cations. In fact, no notable change in the distribution coefficient of arsenic(V) was observed in the presence of metals at the same concentration level as that of arsenic(V). Figure 2 shows the distribution coefficient of arsenic(V) as a function of the concentrations of sulfate and phosphate ions. Sulfate did not interfere with the adsorption of arsenic(V) at less than 0.2 M. On the contrary, a marked decrease of distribution coefficient was observed upon increase of phosphate concentration.
Competitive adsorption of arsenate and phosphate on magnetite may take place, 5, 7, 8 because the two ions are similar with respect to the ionic size, structure and pKa values.
In order to estimate the adsorption capacity of the resin, we plotted the equilibrium content of arsenic(V) against the concentration in an aqueous phase, as shown in Fig. 3 . The arsenic(V) content in the resin approached a constant value with increasing arsenic(V) concentration in the solution. The experimental data were adapted to a Langmuir-type equilibrium equation 9 given by
where C (M) and Q (mol/g) are the equilibrium concentrations of arsenic(V) in the aqueous and solid phase, respectively. Qmax (mol/g) is the maximum amount of the adsorption, and K (dm 3 /mol) is the Langmuir constant. As can be seen in Fig. 4 , a fairly good linear relationship between C/Q and C was obtained, which proved that the reaction followed the Langmuir-type adsorption. The Qmax value was estimated to be 0.050 mmol/g (3.7 mg As/g) from Eq. (1). The molar ratio of As and Fe was 0.07:1 at the full capacity, which suggests that the reaction of arsenic(V) took place on the surfaces of the magnetite crystals.
The composite resin showed a strong adsorption of arsenic(V) from the weakly acidic region to the neutral region; this property suggested that it would constitute an efficient separation column. A buffered solution containing 10 -4 M (7.5 ppm) arsenic(V) at pH 6.2 was continuously passed through the packed column. Arsenic content in the effluent from the column was monitored, with the results given in Fig. 5 . Arsenic(V) was favorably retained on the column to allow the passage of the feed solution of 1050 cm 3 . The amount of arsenic(V) adsorbed on the resin was 0. As/g) before the breakthrough point, which is almost 60% of the adsorption capacity. The arsenic(V) retained on the column was released from the resin by using 1 M sodium hydroxide solution. A sharp elution was obtained where more than 95% of arsenic(V) was contained (Fig. 6) .
The smaller column (0.5 g, φ5 × 85 mm) was applied to concentrate arsenic(V) from the 1.0 × 10 -7 M solution (1.0 dm 3 , pH 6.2). After passing through the column, arsenic(V) was eluted out by 10 cm 3 of 1 M NaOH. The arsenic recovery was 95% under the enrichment factor of 100, which showed the high efficiency for preconcentration of arsenic(V). No iron was detected in the effluent of feed solution, while a little amount was leaked into the eluted 1 M NaOH: 2 × 10 -5 M.
The present composite resin showed the remarkable adsorbability and selectivity towards oxo-anions of arsenic(V), and the column was effective to capture and enrich arsenic(V) of low concentration. These characteristics suggest the resin beads will have potential for the separation and enrichment of trace arsenic(V) prior to the instrumental analysis. 
